MATERIALS AND METHODS
The cells of yeast and bacterium used were grown in shaking cultures (30°, 48 hr), while those of Actinomyces used were cultivated at 27° in the same type of culture prior to each experiment.
After separation by centrifugation, the cells were rinsed once with buffer solution and resuspended in the buffer.
The solution volume was changed to varying degrees from run to run in each series of sedimentation experiments in order to ensure various concentrations of the cells in suspension. The compositions of culture medium and buffer solution used in each case are summarized in Table 1 . The activated sludge examined was samnled each time from the return sludge in the Mikawashima Municipal Sewage Treatment Plant, Tokyo. The suspension was transferred to a graduated cylindrical vessel of glass to each pre-determined level (see also Table 1 ) and allowed to settle at room temperature in respective fields. Before proceeding to describe the procedure for sedimentation experiments, it seems to be necessary to elucidate the means which was adopted, primarily for simplicity, in determining the cell concentration (volume fraction) in each suspension.
Determination of volume fraction o f the cells in each suspension. 1. Saceharomyees cerevisiae A part of the suspension was transferred to a graduated tubif orm glass vessel, 10 cm3 in volume. Then, the vessel was centrifuged at about 700 x g for 10 min.
The ratio of the sediment volume to that of the suspension defined c in this case. 2. Serratia marcescens A portion of the suspension was transferred to a cylindrical vessel of acrylic resin (graduated and transparent : 9 mm x 98 mm x 5 mm in internal diameter, height and wall thickness, respectively) and allowed to settle in a centrifugal field at about 104 x g for 15 min. Since the above vessel which was inserted into a conical rotor of fixed orientation was rotated, tilted to the plane of rotation, the interface of the suspension which was observed after the centrifugation was at an angle to the horizontal plane. In order to remedy this situation, the vessel was recentrif uged at about 1,700 x g for 5 min.
The centrifuge which was used for the latter centrifugation was equipped with a couple of metallic receivers, into one of which the vessel was inserted.
The tubif orm receivers were suspended freely along the rotor circumference and therefore were rotated in a horizontal plane due to the centrifugal force.
The sediment volume obtained after the successive centrifugation was used to determine the value of c in the case of Serratia marcescens.
Streptomgces griseus
The suspension which was transferred to the cylindrical glass vessel in Table 1 was continued to settle for about 72 hr at room temperature  in  each experiment of sedimentation. The volume fraction c was evaluated from the sediment volume obtained 72 hr after the start of experiment, since the sediment volume in each suspension remained almost constant after a certain period of time.
So far as this series of experiments was concerned, any degree of degradation or disintegration of the mycelia was not observed visually as well as microscopically even after settling for about 3 days, at room temperature (23 -25°).
Activated sludge
The sediment volume obtained after 24 hr of gravitational settling was used to define the value of c. This sort of arbitrary definition is based on the experimental fact that the interface of sludge (suspension) came to a standstill during a period of 24 hr. This procedure of defining the sediment volume to compute the value of c does not seem to be generally applicable, since the sludge flocs may disintegrate or be modified in shape spontaneously during the long period of 24 hr. However, since the experiment with the activated sludge was conducted at lower temperatures (10-12°), the errors which may be associated with the phenomenon of aging referred to above were assumed to be negligible.
Determination of settling velocities. 1. Gravitational field : The location of the interface of each suspension was measured directly at definite time intervals.
The experimental data on the rate of subsidence of interface were obtained from linear relationships RIBA, KITAI and HEIMA VOL. 10 between the distance traveled by the interface and the time elapsed after the start of each experiment. In other words, the data adopted here are those of constant velocities in hindered settling.
Centrifugal
field : The cells of Serratia marcescens suspended in the glass vessel of Table 1 were subjected to centrifugation repeatedly in each experiment.
The centrifuge which was used in this experiment for determining the velocity of settling was the same as that mentioned earlier. Namely, the glass vessel was rotated in a plane of rotation and the centrifugal force perpendicular to the interface was imposed on the suspension during the rotation.
In conducting the experiment, centrifugation was suspended temporarily every 10 to 30 min to measure the location of the interface. Since the interface position changed during each period of centrifugation, the effective magnitude of centrifugal acceleration imposed on the cells was calculated using an arithmetical average of the initial and final readings of the interface corrected from the axis of rotation.
The angular velocity of the centrifuge was measured with a tachometer. The distance, of the order of several millimeters, traveled by the interface during each period of intermittent centrifugation was divided by the period of each centrifugation to obtain an average settling velocity of the cells.
The period of each centrifugation (10 to 30 min, referred to earlier) covers exclusively that of a definite angular velocity of the centrifuge without including the periods needed to accelerate and decelerate the glass vessel which was inserted into the rotor of the centrifuge. The experimental errors which might have been caused from the inertia of the rotor were assumed to be negligible due to the following reasons.
The time required to raise the rotor from zero to a definite value (3,700 r.p.m. in this experiment) was about 30 sec, while that needed for it to come to a complete stop after being switched off was about 1l min. However, it was ascertained from the preliminary experiment that the cells in suspension -the concentration of the cells being of the same range as in this series of experiments -did not settle to any measurable degree during about half an hour when the centrifuge was rotated at 2,000r.p.m.
Therefore, the ambiguous effect which may be anticipated during the transient periods of rotation (about 2 min in total in this case of the centrifuge) on calculating the settling velocity of the cells was considered negligible.
However, the temperature rise of the suspension originated from the repeated centrifugation could not be neglected.
The effect of the temperature rise on the final result of equivalent size of the cells will be discussed later.
The interfacial level of the suspension was not disturbed to any extent by the intermittent centrifugation.
Determination of densities (pd, pm) and viscosity (u'). Eq. (1) was used to determine the values of pt,, the densities of respective cells.
Prior to the determination of py, the values of pc and pm, the densities of each suspension and liquid medium, were measured with picnometers (5 c.c.) at room temperature in parallel with the sedimentation experiments. Viscosities of the liquid media used were also measured with the Ostwald viscometer at room temperature. When the temperature rise of media above room temperature could not be neglected due to the repeated contrif ugation, the viscosities of the media were corrected properly as will be shown later.
Furthermore, microscopic photographs were taken to measure the size of respective cells as far as it was possible.
RESULTS AND DISCUSSIONS
Equations which were adopted to compute the equivalent size de from the subsidence rate data v of interface are in the order described below. First, the settling velocity V of a swarm of particles (cells) was calculated from Eq. (2).
V= v
(2) 1 -c Secondly, the settling velocity Vo of a single particle (cell) in an infinite medium was calculated from Eq. (3). The values of a in the equation were determined with reference to the published correlation between a and c (1). Practical data (a) will be described later from case to case.
a=p'+R" 1(c) (3)' provided : /3', R" empirical constants. Lastly, the value of de was determined from Eq. (4), in which the value of Z is equal to unity in the case of gravitational settling.
where ~c'=viscosity of medium Z=ratio of acceleration in centrifugal field to that due to gravity
Saccharomyces cerevisiae An example of the experimental results obtained is shown in Fig. 1 , the ordinate of which is the distance mz traveled by the interface, while the abscissa represents the time t after the start of each run. The values of v which were determined from each set of data points in the figure with the method of least squares (1) are shown in Table 2 . The experimental AIBA, KITAI and HEIMA VOL. 10 data (py, pm and p') which were adopted for calculations with Eq. (4) are shown with their levels of significance of 5% (cf. above the caption of Table 2 ). Unless otherwise noted, all of the deviations from the mean values of py, pm, p', de, and .Z in the tables of this account indicate respective levels of significance of 5°0. The value of p, obtained in this study was larger than that of the previous paper (2). The values of de were also determined corresponding to a=0 (Stokes law) for reference. Arithmetical averages of equivalent size de in each case of a were compared with those of microscopic determination in Table 2 . Although the values of 9' (=a) cannot be taken definitely in this case, the agreement between the values of de measured directly with a microscope and those determined from the data of settling velocities seems to be satisfactory, especially regarding the case of a=2. Since the deviation in de which was estimated from those of py, pm and p' in Table 2 was several percent at most, the agreement mentioned above may not be fortuitous.
Serratia marcescens The experimental result is exemplified in Fig. 2 , in which v is plotted against Z. Since linear relationships between v and Z were apparent, straight lines were assumed through each set of the data points (c: constant) in the figure by the method of least squares.
For convenience, the values of v which could be read at the intersections of these straight lines with Z=103 were used for further calculation. The experimental data obtained so far with regard to v are summarized with c, Ps, pm and p' in Table 3 .
The values of a which will be required for calculating the size of the cells with Eq. (4) were determined in this case from the following empirical formula.
a=1+229
C3,43 (3)" provided: 0.5>c>0.2 Eq. (3)" corresponds to a curve which is drawn tentatively through the data points in the previous paper pertaining to spherical particles (designated as B in the original correlation between a and c) (1). Since the data points concerned are scattered considerably around Curve B and morever, since the spherical particles which are to be represented by the curve are more than 5 microns in size, discussions, whether the use of Eq. (3)" is appropriate or not in this case, will be needed (see below). The result of calculations using Eq. (4) with respective data described in Table 3 is shown in the first column of de in the table.
As mentioned earlier, the temperature rise of each suspension during the repeated centrifugation was of the order of 10° above room temperature, at which the values (Ps, pm and p') were determined experimentally. Assuming that the value of ,~' during the sedimentation was decreased by about 18.8% of that at room temperature (3) and moreover, neglecting the effects of the temperature rise on the values (py and prn), the second column of de in Table 3 was prepared, multiplying each value of de in the first column by a factor of (0.812)1/2 (=0.901). Evidently the average size determined from the sedimentation velocities is considerably larger than that measured microscopically. Substituting all of the deviations which are noted in Table 3 regarding py, p,, , p' and Z into Eq. (4) and at the same time, considering the upper and lower limits of the values of a which can be estimated directly from the scattered data points in the original correlation between a and c (1), the value in the second column of de in the table was ascertained to range from about 2.0 to 1.0 in microns.
At any rate, it is considered reasonable to infer that the size determined from the settling velocities was larger than that measured by a conventional means with a microscope.
The reason for this discrepancy between the two values of de as determined by different procedures will be considered.
Designating n as the number of particles (cells) per unit volume of liquid, the volume fraction c is expressed as follows: 7r 3 6 de n=c For simplicity, assuming a cubic arrangement of the particles, the order of magnitude of the distance l between individual particles will be :
Substituting the experimental range of c (see : Table 3 ) into Eq. (5), l~ de (11.3) i (2 x0.452x0.24)1/3 Namely, in the sedimentation experiments using the cells of Serratia marcescens, the cell concentration in each suspension was large enough to determine that the distance between the cells was of the same order as the cell size. Thus in suspension, the cells nearly touched each other. In the case of Serratia marcescens, no definite demarcation line of interface was observed in a dilute range of c less than that adopted in this series of experiments. From Table 3 , the value of de is seen to depend likely on the value of c, the smaller size of de emerging approximately from a lower degree of c.
Theref ore, the discrepancy between both values of de, determined from the settling velocities on one hand and measured with microscope on the other, may indicate that the cells were flocculated to some extent, especially in the case of more concentrated runs in terms of c.
In retrospect with the preceding case of yeast cells, the distance l between single particles can also be estimated by substituting the range of c (see : Table 2 ) into Eq (5). l~ de =(25) ~cle (2 x 0.0782 x 0.0052)1/3 VOL. 10
The cells in suspension are considered to have had less possibilities for flocculation and therefore, the aforementioned agreement between both values of de in Table 2 may be attributed to dispersion of cells during the sedimentation.
At any rate, the determination of equivalent size from the settling velocities seems to be satisfactory so far as the cells which were examined are concerned.
This inference entails that the apprehensions in extending the application of the correlation between a and c (1) to the case of particles small enough to be of the order of one micron in size are not presistent and furthermore, that the procedures adopted rather arbitrarily in the determination of the values of c in each case are dependable.
Streptomyces griseus
An example of the experimental data obtained is shown in Fig. 3 , from which each value of c was determined as described earlier.
The experimental data for short periods of time t in Fig. 3 are reproduced in Fig. 4 for determining the rate of subsidence v of interface. The data (c and v) secured experimentally are summarized with p,, pm and ,~' in Table 4 .
The values of a were estimated in this case by the following empirical formula.
a=1-1---305 c284 (3)" provided: 0.5>c>0.15 Eq. (3)" corresponds to Curve A which was drawn tentatively through the data points of the previous study (1) on the correlation between a and c regarding angular as well as flocculated irregular particles.
The values of a regarding the case of c> 0.5 in Table 4 were also estimated from the equation, since this degree of extrapolation does not seem to be serious enough to impair a conclusion of this section.
The equivalent size de determined thus far is shown in Table 4 . It is noted from the data that the size seems to depend on the value of c.
The experimental fact that the values (p, and pl~z) in this case were especially close to each other may lead one to surmise that the spherical bodies which were assumed in the settling of irregular as well as filamentous mycelia of this species might have been composed of or accompanied by a considerable fraction of the liquid medium.
It was apparent from microscopic observations of the suspension that the fibrous mycelia formed, to a certain extent, a sort of network of irregular entity in shape. The mean value de in Table 4 was obtained from microscopic photographs, 20 in total, by measuring and averaging longer and shorter dimensions of each body. Needless to say, the value (de=143 microns) does not represent any value of de during the settling in a specific condition of c, because the microscopic examination might have changed considerably the dimensions of the respective bodies. However, it is interesting to note from the settling experiment and the size de observed microscopically are of the same order of magnitude, even though the value of de in the former may deviate to the extent of ±50% in each case depending on the probable fluctuations (p,, pen, i' and so forth). At any rate, the size de evaluated from the data of the settling experiment may represent the intrinsic size of the mycelial network.
Activated sludge
The experimental data (c, v, The, pm and p') obtained are shown in Table 5 . Examples of the relation secured between mi and t are shown in Fig. 5 , from which each value of v was determined with the method of least squares. Judging from the procedure described earlier in defining the values of c, it may be expected that certain aggregates formed in each mixed liquor are composed of an appreciable fraction of the specific liquid. However, the experimental fact that the value of py in Table 5 is considerably larger than that of Streptomyces griseus (Table 4 ) may be partly accounted for by that the sludge examined was a complicated assortment of miscellaneous microbes and inorganic substances. The experimental range of c extending from 0.155 to 0.465 was confirmed experimentally to range roughly from 5,200 ppm to 15,500 ppm.
The equivalent size de calculated from Equations (3), (4) and (3)" is shown in Table 5 . It is evident from the table that the dependence of de on c is not so marked compared with the case of Streptomyces griseus (cf. Table 4) .
It seems to be difficult to check directly the reliability of the values of de determined thus far from the settling experiment.
However, if reasonable agreements mentioned earlier between the values of de determined with the settling experiment and those of de observed microscopically in the case of yeast, bacteria and Actinomyces are taken into account, the data of de in the activated sludge studied can be considered dependable.
SUMMARY
The empirical formulas reported previously in the prediction of hindered settling velocities of fine particles in suspension were applied to the determination of equivalent size of specific microbial cells in gravitational as well as in centrifugal field. The agreement between the size determined so far from the velocities in hindered settling and that measured directly with a microscope seemed to be satisfactory in the case of yeast cells (Saccharomyces cerevisiae) and bacterial cells (Serratia marcescens) studied. The determination was also made using a strain of Actinomyces (Streptomyces griseus) and an activated sludge, both of which are usually complicated enough in shape compared with bacteria and yeast so that no quantitative studies have ever been made to assess their shape.
If an attempt is made on transfer problems from/to microbial cells, the application of this sort of study will be useful. .
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